The effects of a positive pulse following a high-power impulse magnetron sputtering (HiPIMS) pulse are studied using energy-resolved mass spectrometry. This includes exploring the influence of a 200 μs long positive voltage pulse (U rev = 10-150 V) following a typical HiPIMS pulse on the ion-energy distribution function (IEDF) of the various ions. We find that a portion of the Ti + flux is affected and gains an energy which corresponds to the acceleration over the full potential U rev . The Ar + IEDF on the other hand illustrates that a large fraction of the accelerated Ar + , gain energies corresponding to only a portion of U rev . The Ti + IEDFs are consistent with the assumption that practically all the Ti + , that are accelerated during the reverse pulse, originates from a region adjacent to the target, in which the potential is uniformly increased with the applied potential U rev , while much of the Ar + originates from a region further away from the target over which the potential drops from U rev to a lower potential consistent with the plasma potential achieved without the application of U rev . The deposition rate is only slightly affected and decreases with U rev , reaching~90% at U rev = 150 V. Both the Ti + IEDF and the small deposition rate change indicate that the potential increase in the region close to the target is uniform and essentially free of electric fields, with the consequence that the motion of ions inside the region is not much influenced by the application of U rev . In this situation, Ti + will flow towards the outer boundary of the targetadjacent region, with the momentum gained during the HiPIMS discharge pulse, independently of whether the positive pulse is applied or not. The metal ions that cross the boundary in the direction towards the substrate, and do this during the positive pulse, all gain an energy corresponding to the full positive applied potential U rev .
Introduction
Low-energy ion-bombardment during film growth has been utilized for many years [1] to increase adatom mobilities and give rise to nearsurface mixing [2] . This has been used to increase film density [3] , control grain size [4] and preferred orientation [5] at low growth temperatures T S , to grow metastable phases [6] , to generate or release film stresses [7] , and, with proper choice of substrate, achieve lowtemperature epitaxy [8, 9] . For magnetron sputter deposition, where the ions which bombard the substrate are typically inert-gas ions, this requires high ion fluxes at low ion energies. Greene and co-workers [10, 11] have shown that the flux of the bombarding ions typically needs to be 5-10 times higher than the flux of the neutral growth species. In magnetron sputtering, this requires that magnetron sources and magnetic field arrangements are designed in such a way that a sufficiently high plasma density can be maintained close to the substrate [12] or that auxiliary ion sources are used [11] .
The introduction of high-power impulse magnetron sputtering (HiPIMS), which generates large amounts of ions of the growth material [13] , opened up for "self-ion-bombardment", which has, in many cases, resulted in even better films properties [8, 14] . The detailed atomistic reason for the improvement, when using HiPIMS, is still to be resolved, but most likely it is a combination of several effects, including a perfect mass-match between bombarding and surface species, a higher intrinsic ion energy E kin and a reduction in inert gas incorporation in the growing film due to the significant metal-ion-flux in relation to the noble-gas-ion flux.
For optimal film growth conditions, not only a high ion-flux is needed, but the energy E s of the bombarding species at the substrate also has to be in a suitable range. E s is determined by the intrinsic energy E kin of the ions, together with their acceleration across the plasma sheath at the substrate, yielding E s = E kin + Ze(U p,s − U s ), where U p,s is the plasma potential near the substrate, U s is a negative potential applied to the substrate, Z is the charge state of the ion, and e the elemental charge. Optimal values of E s are, depending on the ion and film material, within the range 20 to 100 eV [15] . In conventional magnetron sputtering, E kin is low because the ions are primarily formed from the process gas and extracted from the plasma near the substrate. The desired energy range can, in that case, only be reached by the application of U s , which has the effect to increase the potential drop (U p,s − U s ) across the plasma sheath at the substrate. In HiPIMS discharges, the ion energy distribution function (IEDF) becomes broadened towards higher energies, and a fraction of the self-ion flux already has E kin in the desired energy range [16] . Still, the majority of the ions have an energy of only a few eV, and a substrate bias is usually needed for optimal results. However, there are often limitations and complexities in applying a substrate bias, which is especially evident when depositing insulating films or depositing on insulating substrates. The use of a radio frequency substrate bias is possible, but has been shown to be difficult to implement during HiPIMS due to the momentarily high ion fluxes during the pulses [17] .
Another approach, as was suggested by Nakano et al. [18, 19] , is to apply a positive potential to the sputtering target after the negative HiPIMS pulses to raise the plasma potential and in this way accelerate ions towards the growing film. This approach was recently used by Wu et al. [20] who applied positive bias pulses (10-150 V) to the target immediately after the negative HiPIMS pulses and by Britun et al. [21] who applied 200-300 V positive bias pulses, with a short delay, after the negative HiPIMS pulses. Wu et al. [20] reported a 19% increase in the deposition rate of Cu films, reduced tensile stress, and smaller grains. They interpreted the results as being due to a high ion-flux bombarding the substrate during the positive pulse during which ions near the target are accelerated to the substrate. Britun et al. [21] report that the discharge ions undergo significant acceleration towards the substrate, but are well-thermalized perpendicular to that direction.
Here, we use energy-resolved mass spectrometry analyses to investigate the effect of positive pulses on the ion energies and fluxes. In our case, we do not observe an increase in deposition rate, but a small decrease (up to 10%), but find that ion energies can be increased in an exceptionally controllable manner. The Ti-ion energy spectra are consistent with the assumption that practically all the Ti-ions that are accelerated during the reverse voltage pulse originate from a region adjacent to the target. The results indicate that the potential increase in this region is so uniform that there are only small changes in the electric fields inside the region, with the consequence that the motion of ions inside it is not much influenced by the application of the reversed potential U rev . The ions in this situation, to a first approximation, flow towards the boundary of this target-adjacent region in directions (towards the target, or towards the substrate) that are independent of whether the positive pulse is applied or not. The ions that cross the boundary in the direction of the substrate, and do this during the positive pulse, all gain an energy corresponding to U rev .
Experimental procedure
The experiments are carried out using a magnetically-unbalanced (type II) magnetron source mounted in a stainless-steel high-vacuum system with a base pressure of~10 −7 Torr (~10 −5 Pa). The target is a 50-mm-diameter Ti disk (99.9% purity) with a thickness of 6 mm. Sputtering is carried out in Ar (99.997% purity) introduced at a flow rate of 50 sccm to provide a pressure of 5 mTorr (0.6 Pa). The cathode source is connected to a pulsing unit, Bipolar HiPSTER (Ionautics AB), fed by two dc power supplies, one that delivers a negative potential of 570 V for initiating classical HiPIMS pulses and a second one used to apply reverse positive potential pulses U rev from 0 to 150 V. Pulsing is controlled using a HiPSTER synchronization unit (Ionautics AB) operated at a frequency of 700 Hz. The negative pulses are 30 μs in length (corresponding to a duty cycle of 2%), and are immediately followed by 200 μs long positive pulses (intended to be long enough to act upon a majority of the ions in the decaying plasma after the HiPIMS pulse). In the following, the term "standard HiPIMS" refers to operating conditions in which only negative voltage pulses are applied to the target, while the term "bipolar HiPIMS" refers to conditions in which the negative pulses are immediately followed by positive pulses. In both modes, the time-average target power during the negative pulses is maintained constant at~110 W, corresponding to a power density of 5.5 W/cm 2 (calculated using the full target surface area). The target current and voltage waveforms are recorded using a Tektronix TDS 520 C digital oscilloscope.
In situ mass-and energy-dependent analyses of ion intensities incident at the substrate position are carried out using a Hiden Analytical PSM003 mass spectrometer capable of measuring ion energies up to 100 eV (singly charged ions). The spectrometer is facing the target and located at a distance of 8 cm. Ion energy distribution functions (IEDFs) are obtained for Ti + (48 amu), Ar + (36 amu) and Ti 2+ ions (48 amu)
for applied U rev up to 70 V. The spectrometer orifice is electrically grounded during these experiments and the ion energy is scanned from 0 to 100 eV/charge, in 0.1 eV/charge steps. The total acquisition time per data point is 200 ms (corresponding to 140 pulses), while the spectrometer settings are separately tuned for each species, to account for the higher transmission at lower mass [22] . Scanning electron microscopy is used to measure film thicknesses which are used for the calculation of deposition rates. Each film is measured in three places and average values are calculated.
Experimental results
Typical discharge voltage U D and discharge current I D waveforms for standard and bipolar HiPIMS modes are shown in Fig. 1 . For both types of discharges, the initial negative target ignition voltage is 570 V which decreases slightly to 560 V at the end of the pulse. The I D curve rises rapidly at first, and then more slowly, to reach a maximum value I D, max of~9.8 A at 26 μs, before falling close to zero as U D is switched off. In the bipolar mode, the negative pulse is immediately followed by a 200 μs-long reverse positive pulse U rev , which in Fig. 1 is 70 V, that initially drive a small negative current, as seen in the insert of Fig. 1b . Fig. 2 shows time-integrated IEDF measurements acquired for Ti + , Ti 2+ and Ar + at the substrate position for eight different applied U rev ranging from 0 to 70 V, in which U rev = 0 corresponds to standard HiPIMS and the other curves to bipolar HiPIMS. We start by looking at the Ti + flux energy distribution at U rev = 0, which exhibits a pronounced peak at low energy,~3 eV. This is followed by a shoulder at energies up to~20 eV and a high-energetic tail. This IEDF, as well as the IEDFs for Ti 2+ and Ar + , are similar to what is generally reported for HiPIMS of metal targets in noble gases [16, 23, 24] . The origin of the high-energy tails is complex and has been attributed to ion acceleration in plasma instabilities [25] , and/or in electric potential structures that are associated with spokes [26, 27] . The IEDF curves for bipolar HiPIMS have a number of characteristic features that are useful in disentangling the plasma physics involved:
There is a narrow low-energy peak (below 5 eV) which decreases gradually in intensity with increasing U rev . This therefore is an ion population which is influenced by U rev , but not significantly accelerated by it. II. (Ti + ) A new equally-narrow peak appears at an energy which lies slightly above eU rev . To the right of this peak there is a shoulder and a high energy tail, similar to the standard HiPIMS, but up-shifted in energy by eU rev .
III. (Ti + ) Between the two narrow peaks described above, the ion energy intensity level falls by a factor 2 to 3. This lower level is not significantly affected by the magnitude of U rev . IV. (Ti 2+ ) Both a narrow low-energy peak, and a broader maximum to the right of it, are up-shifted in energy by 2eU rev , twice as much as the corresponding features for singly charged Ti + ions.
V. (Ar   +   ) The Ar + energy distribution has both similarities and differences as compared to the Ti + fluxes. The similarities are an upshifted narrow peak, and features to the right of it which are all upshifted in energy with eU rev . The main difference is that, to the left of these up-shifted narrow peaks, the measured intensity increases instead of decreases, indicating that a significant fraction of the Ar + is accelerated to a portion of eU rev .
The integrated intensities of features II and IV indicate that about half of the Ti + and Ti 2+ ions are accelerated over the full potential of the reversed pulse. This gives the energy gain eU rev for singly charged ions, and 2eU rev for doubly charged ions. Feature III indicates that, for the Ti + ions, there is another group, again about half of the population, which is not significantly influenced by the reversed pulse. Between these extremes we find the features I and V which indicate that there are two smaller groups of ions that are only partially influenced; the largest of these, feature V, consists of Ar + ions which are accelerated but do not gain the full energy eU rev . A small decrease of the deposition rates were observed when applying the reversed pulse. In these measurements U rev levels up to 150 V was used and the deposition rate decreased with increasing voltage tõ 90% of that of standard HiPIMS for the highest U rev .
Discussion
A simple model is applied to interpret the observed results. The model separates the discharge volume into three regions determined by the magnetic field topology, see Fig. 3a . The first region is the magnetic trap (MT), defined as the region in which both ends of the magnetic field lines intersect the target. The second region is a transition region (TR) in which one end of the magnetic field lines intersect the target and the other end intersects ground, i.e., either the chamber walls, a grounded substrate or the anode at the magnetron which is held at ground potential. In the third region, the grounded region (GR), both ends of the magnetic field lines intersect a surface held at ground potential. Please note that the spatial distribution of these three plasma volumes can vary significantly between different magnetrons, depending on magnetic field shape and the radial position of the anode ring. Also, due to imperfections in magnetron geometry, the boundaries between the regions can vary azimuthally.
A proposed potential profile during the time of the reverse pulse is shown in Fig. 3b . This profile assumes that when the pulse polarity is reversed, a new potential profile is established in the time it takes to establish Child law sheaths at the boundaries -for typical discharge plasmas less than a microsecond [28] . As a rule, this makes the plasma typically a few V more positive than the most positive boundary that it is in good electric contact with. The wall sheath potential difference is marked ∆U WS in Fig. 3b . In a plasma where the gyro radius is small, a condition which generally holds in sputtering magnetrons, such contact is mainly along the magnetic field lines. Inside the magnetic trap, where the magnetic field lines are at both ends in contact with the target, the plasma potential will therefore be typically a few V more positive than U rev , while the plasma potential in the grounded region will be a few V above ground potential. The potential in the transition region is more difficult to estimate, since here one end of the magnetic field lines is at the target potential U rev while the other is at ground potential. The situation is complicated by the fact that the electron transport to the target is impeded by a large compression of the electron current to the center region of the target, and also by the magnetic mirror effect [29] . This gives a reduced electric contact with the most positive boundary, the target, which normally determines the plasma potential. In this situation, we can only conclude that the full potential U rev has to fall across the transition region, but that the potential profile along the z RT axis is uncertain. This is indicated by dashed potential lines and a question mark in Fig. 3b . Now we are equipped to discuss the IEDF data. We start by noting that a discharge with reversed polarity cannot be easily ignited in a sputtering magnetron configuration. The discharge therefore dies out very quickly after the negative pulse. Measurements show that the electron temperature after a HiPIMS pulse decays towards~0.2 eV [30] , and therefore the ionization rate rapidly drops to zero. At the onset of the reversed pulse we are left with a "plasma reservoir", the ions and electrons that are present at the end of the discharge. The question is the further fate of these ions in the new electric potential profile shown in Fig. 3b .
Let us start with Ti + and with the standard HiPIMS discharge.
During the pulse, the majority (70-90%) of the produced Ti + are attracted back to the target by an electric field E z that extends into the plasma [31, 32] . For our 30 μs long HiPIMS pulses we estimate that most of the ions that are produced return to the target this way. At the end of the HiPIMS pulse, a minority has already reached all the way to the substrate position (here, the mass spectrometer). None of these populations can obviously be influenced by the reversed pulse. The question therefore is what happens to the remaining ions (also a minority), those that still are in the volume when the HiPIMS pulse is switched off. At this time the E z field disappears, and the number of ions that can leave the magnetic trap towards the substrate is increased [33] . The effect from the reversed potential on these ions can be explained by where they are, and what velocity they have, at the end of the HiPIMS pulse. Some ions have left the magnetic trap during the HiPIMS pulse, and also passed through the transition region before the reversed pulse is applied. The electric field of the reversed pulse does not reach these ions, which therefore continue towards the mass spectrometer without being accelerated (feature III). Ions with high intrinsic energy are likely to be overrepresented in this group. A second group of ions are inside the magnetic trap (inside the boundary marked A in Fig. 3) , and are at a position and with a velocity such that they leave the trap during the reversed pulse. These ions gain the full energy ZeU rev as they cross the transition region (features II and IV). A third group of ions are also inside the magnetic trap, but have such small velocity in the z direction that they leave the trap only after the end of the reversed pulse. Ions with low intrinsic energy are overrepresented in this group and they also gain no extra energy. Let us now consider why the narrow low-energy peak, in the IEDFs of Fig. 2 , decreases gradually in intensity with increasing U rev (feature I). At first, this seems hard to reconcile with the picture given in the preceding paragraph, that ions which remain in the magnetic trap during the reversed pulse are little influenced by U rev . However, a small electric field in the trap region can change the number of ions that remain in the trap -the number of ions belonging to the third group described above. We propose, that the influence of U rev in the magnetic trap is indeed very limited, but not exactly zero and increases with increasing U rev . This is indicated in Fig. 3b by a small slope in the potential to the left of z A . For ions with a low kinetic energy, even a very small potential difference across the magnetic trap can significantly increase the ion loss rate during the reversed pulse. It seems likely that such a potential difference should be higher for larger U rev , and this would explain the decrease in the low energy peak with increasing U rev as more of the thermalized ions are drawn out of the magnetic trap during the reversed pulse.
For the Ar + population, most of the features are analogous to those discussed above for the Ti + and have the same explanations. However, in contrast to the case for the Ti + , there is here a population of partially accelerated ions, feature number V in the list above. This difference between Ti + and Ar + is proposed to be due to a difference in spatial distribution during a HiPIMS discharge, and therefore also at the end of the first pulse. The Ti atoms are sputtered form the target and ionized in the vicinity of it, and a large fraction of them are attracted back to the target. The Ar atoms on the other hand are depleted by gas rarefaction close to the target [34] and replaced by refill from the surrounding gas reservoir. This leads to a situation where Ti + ions are predominantly found closer to the target [34] , in the magnetic trap, while Ar + are found both in the trap and in the transition region. It is the latter subpopulation that can become partially accelerated in bipolar mode. For example: if they were in the middle of that region, and the potential profile were linear, then they would only become accelerated across half the potential, and therefore get the energy eU rev /2. The letters A and B on this axis mark the boundaries between the regions MT/TR and TR/GR, and the letter C marks the z coordinate of the mass spectrometer.
Summary and conclusions
We have experimentally investigated the effect on the ion energy of bipolar-HiPIMS, where the standard HiPIMS-pulse is followed by a reversed potential applied on the target. It is found that the amplitude of the reversed potential gives excellent control over the ion energies. This should be of great importance for the thin film community, especially in the growth of insulating thin films or when insulating substrates are used, making it impossible to apply a suitable substrate bias voltage for the acceleration of the ions to desired energies.
We propose that the potential distribution during the reversed pulse is mainly determined by the electric contact, along the magnetic field lines, from the plasma to the walls and/or the electrodes. This gives a simple model which is illustrated in Fig. 3 , and which is found to be consistent with the IEDFs presented in Fig. 2 . According to this model all ions that are inside the magnetic trap when the HiPIMS pulse is switched off, and then leave in the direction away from the target, will gain the same energy per unit charge when passing across the transition region, over to the grounded region. This is the case for most of the Ti + and Ti 2+ (the latter receiving twice the energy). Please notice that this energy gain is independent of the uncertainty in the potential profile in the transition region. Ions that are in the transition region at the time of application of the reverse pulse, on the other hand, will become partially accelerated. This is the case for some of the Ar + . Naturally, the distribution of energy in the partially accelerated population would depend in a complicated way both on the potential profile in the transition region and on the spatial distribution of the ion species in question.
As mentioned in the introduction, Wu et al. [20] reported a 19% increase in the deposition rate of Cu films, while the deposition rate decreases slightly with U rev in this paper. As one possible reason for this difference we note that the shape of the transition region (see Fig. 3 ), in which we propose the ions to be accelerated, depends on both the magnetron's degree of unbalance and on the radial location of the anode ring. Differences in these respects may give ion fluxes with different divergences in the two devices.
As is clear to anyone reading this article there are great potentials in re-designing the experimental set-up making it possible to change the ion-energy distributions and the collimation of the ion flux at will. Parameters to play with include, for example the shape and strength of the magnetic arrangement, the anode position and shape, the length and intensity of the HiPIMS-pulse, the time delay between the end of the HiPIMS-pulse and the reversed pulse, and the length and magnitude of the reversed pulse, to mention the most obvious parameters.
